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Abstract Hawking radiation acts as a cosmic censor since it carries away the
angular momentum of the black hole, proportionally more than its mass. In
this work we first show that an extremal black hole cannot exist since it will
be pushed away from extremality by its own Hawking radiation, without being
perturbed by any external effect. We evaluate the efficiency of Hawking radi-
ation to prevent overspinning of black holes. We make an order of magnitude
estimate to show that evaporation can prevent overspinning of black holes with
an upper limit of mass M . 1017−1018g, when we take the interaction period
to be the age of the universe. Overspinning of black holes of higher masses by
test fields remains possible, even if evaporation is taken into account. We also
discuss the possibility to attribute a shorter interaction period for the problem
which would reduce the effect of evaporation.
Keywords Cosmic censorship · Hawking radiation · Classical fields
PACS PACS 04.20.Dw · PACS 04.70.Dy
1 Introduction
Development of the singularity theorems by Penrose can be considered as the
first genuine result in general relativity after Einstein. (See [1] for a review.)
The original concepts such as geodesic completeness and trapped surfaces
which were introduced in this work and also used in the following extensions of
singularity theorems by Penrose and Hawking [2], became fundamental notions
in black hole physics, cosmology, and mathematical and numerical relativity.
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Causal geodesic completeness requires that every time-like and null geodesic
can be extended to arbitrarily large affine parameter value both into the future
and into the past; and the most general definition of a singularity consists of
its failure in a space-time region. Singularity theorems show that a space-time
containing a trapped surface must possess a singularity, provided that some
generic conditions are also satisfied. In classical general relativity, trapped
surfaces arise in the spherically symmetric gravitational collapse of a body,
thus a singularity ensues. In the model developed by Penrose and Hawking
the trapped surface is contained in the black hole region of the space-time,
so it is surrounded by an event horizon. This singularity can be considered
harmless as opposed to a naked one which intersects a Cauchy surface render-
ing the initial conditions undefined, thus disabling asymptotic predictability.
The regions containing naked singularities also allow the evolution of closed
time-like curves which violate causality [3]. To avoid these pathologies and
preserve the deterministic nature of general relativity Penrose proposed the
Cosmic Censorship Conjecture (CCC) [4]. The weak form (WCCC) asserts
that the singularities that arise in gravitational collapse are always hidden
behind event horizons. Distant observers do not encounter singularities or any
effects propagating out of them. Conjecturing singularities to be inaccessible
to distant observers assures the consistency of the theory of general relativity.
It has not been possible to establish a concrete proof of CCC. Wald con-
structed an alternative problem to test the stability of event horizons when
the black hole interacts with test particles or fields [5]. He considered a sta-
tionary Kerr-Newman space-time uniquely defined by three parameters (Mass
M , charge Q, and angular momentum per unit mass a), satisfying
M2 ≥ Q2 + a2. (1)
(1) is valid for black holes surrounded by event horizons while it is violated
by naked singularities. After the black hole absorbs some particles or fields
coming from infinity the space-time is expected to settle to another stationary
configuration with new values of M , Q, and a. If it is possible to reach a final
configuration of the parameters which violates (1), the black hole can turn
into a naked singularity and CCC is violated. Many similar attempts to check
the validity of CCC can be found in literature [6,7,8,9,10,11,12,13,14,15,16,
17,18,19,20,21,22,23,24].
This problem is formulated between two stationary states in the classical
context, and ignores the flux out of the black hole due to evaporation. The most
general form of black hole evaporation is the Hawking radiation [25], which
follows the discovery that certain waves are amplified during reflection from
rotating black holes [26,27]. On a quantum particle description, amplification
of waves (superradiance) corresponds to a stimulated emission of particles.
However, Bogoliubov transformations formalism for particle creation does not
apply to stationary space-times such as Kerr family of solutions. Therefore,
Hawking considered the time dependent phase of a gravitationally collapsing
body in a context that treats matter fields quantum mechanically on a classical
curved space-time background. This is a good approximation to a full quantum
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theory of gravity outside the regions of extremely high curvature which can
be encountered near a singularity. Hawking found a steady flux of particles
reaching future null infinity I+. The average number of particles per unit
time, with energy ω and angular momentum numbers l,m is
Nωlm =
Γlm(ω)
exp[2π(ω −mΩH)/κ]∓ 1 (2)
where the minus and plus signs apply to bosons and fermions respectively, κ is
the surface gravity, and Γlm(ω) is the fraction of a purely outgoing wave-packet
of frequency ω at I+, that would propagate through the collapsing body to
I− when traced back in time. At sufficiently late times this equals the fraction
of an ingoing wave-packet sent from I−, that would cross the horizon of the
black hole which is the analytic extension of the collapsing space-time; i.e. the
fraction that would be absorbed by the black hole. Note that when a bosonic
wave packet with frequency ω < mΩ (where Ω = a/(r2++a
2) is the rotational
frequency of the black hole) is sent towards a Kerr black hole, the requirement
that Nωlm is positive implies Γlm(ω) is negative so that the scattered part
of the wave has a larger amplitude than the original incoming wave. This is
the well-known effect of superradiance exhibited by bosonic fields [26,27]. For
fermions Γlm(ω) remains positive for all frequencies which is in accord with
the fact that they do not exhibit superradiant scattering.
Hawking radiation as formulated in (2) refers to a higher rate of emis-
sion of particles with positive angular momentum m than negative angular
momentum −m with the same frequency ω and quantum number l. In this
way the emission of particles carries away the angular momentum of the black
hole [25], working in favour of the inequality (1). The essential difference be-
tween Hawking radiation and spontaneous emission by stationary black holes,
first pointed out by Zel’dovich [26,27], then calculated by Starobinskii [28,
29] and Unruh [30] (the “Zel’dovich-Unruh Effect”) is that emission occurs in
all modes; not only in superradiant modes. The temperature κ/2π tends to
zero for massive black holes and even for tiny ones that are nearly extremal.
In this limit, Hawking radiation (2) allows the emission of particles only in
superradiant modes ω < mΩ with ∓Γlm. This flux of particles equals to those
calculated by Starobinskii and Unruh for a stationary Kerr black hole [25].
Superradiant modes carry higher angular momentum than energy, serving to
reinforce (1). Therefore evaporation of black holes acts as a cosmic censor,
considering both the general form of Hawking radiation and the case κ → 0,
which is more relevant for problems testing the validity of CCC.
In this work we consider a nearly extremal evaporating Kerr black hole to
check if it is possible to destroy the horizon of the black hole by sending in
test fields as we did in [31], while evaporation acts as a cosmic censor. We
consider classical fields, because the energy radiated by the Hawking radia-
tion (or the Zeldovich-Unruh effect) is many orders of magnitude larger than
elementary particle masses, rendering thought experiments ([9,11,17] and oth-
ers) using (quantum tunneling of) elementary particles irrelevant [32]; and a
classical field provides a good description of many particles, at least as far
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as energy/momentum/angular momentum flows and changes are concerned.
Now the Hawking radiation, effective in this context at superradiant frequen-
cies, act to protect WCCC, while tailored waves sent in at frequencies slightly
above the superradiance limit can work towards WCCC violation. Here we
make an order of magnitude estimate to evaluate the efficiency of evapora-
tion to prevent overspinning of black holes of different masses, against the
maximum effect due to challenging test fields. In the calculations we take the
interaction period to be the age of the universe. We also discuss the possibility
to attribute a shorter interaction period for the problem which would reduce
the effect of evaporation.
2 Evaporating Black Holes and CCC
Consider a nearly extremal Kerr black hole at early times with parameters M
and a = J/M , satisfying
M2 ≥ a2. (3)
The black hole absorbs free fields incident from infinity where the space-time
is asymptotically flat, and it keeps evaporating during the period. When one
takes evaporation into account one has to attribute a value to the interaction
period ∆t to make an estimate of the amounts of energy and angular momen-
tum radiated away, whereas in Wald-type problems it is sufficient to assume
that the interaction period is long enough. As discussed above, here we take
∆t to be the age of the universe, and also discuss the possibility to attribute
a shorter interaction period for the problem.
In fact, the steady flux of particles reaching I+ described in (2) means
that the black hole will not be in a stationary state, thus can not be described
by the Kerr metric. However the evaporation of the black hole is so slow
that it can be described by a sequence of stationary solutions parametrized
by M and a. This quasi-stationary approximation is valid until the mass of
the black hole is reduced to the Planck mass 10−5g [25]. So we formulate
the problem as follows: Initially we have a nearly extremal Kerr black hole
satisfying (3) and we send in massless test fields from infinity, which we define
as the asymptotically flat region. After a period ∆t the fields reach the black
hole, which has been evaporating during the period. After the field interacts
with the black hole we have our final configuration of M and a. We check if
the final configuration can violate (3), which is reinforced by evaporation and
challenged by the incoming field.
2.1 Challenging CCC using bosonic test fields
In being scattered by the black hole, fields of azimuthal wave number m and
frequency ω cause changes in the parameters dM and dJ , which satisfy [33]:
dJ = (m/ω)dE (4)
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where dE = dM for the black hole. The condition for CCC violation in terms
of angular momentum is
Cfin ≡ (M + δE)2 − (J + δJ) < 0 (5)
where Cin ≡ M2 − J . In the previous work [31] we have used the Jacobson-
Sotiriou parametrization [12] for closeness to extremality in the form
J/M2 = a/M = 1− 2ǫ2, (6)
where ǫ ≪ 1 is implied; and have shown that there exists a combination of
ω and δE for any integer-spin test field incident on a slightly subextremal
Kerr black hole, that can overspin the black hole into a naked singularity. The
frequency has to be in the range ωsl < ω < ω1 where ωsl is the superradiance
limit mΩ, ω1 ≡ ω0/(1+
√
2ǫ) and ω0 ≡ m/2M . The frequency interval can be
parametrized as ω = ω0 + (s− 2)ǫω0 where 0 < s < 2−
√
2 to first order in ǫ.
Then δE must be chosen in the range delimited by the values
δE1,2 =
[
(2− s)∓
√
(2− s)2 − 2
]
ǫM, (7)
to violate CCC. For extremal black holes (ǫ = 0) we have ωsl = ω1 so the
interval vanishes; therefore CCC can not be violated. The existence of a lower
limit is merely due to superradiance. Had we used fermionic fields instead,
the lower limit would have reduced to zero. In that case extremal black holes
could also be destroyed, as long as we stay in the classical picture (see [34] for
a general discussion). However, the physical meaning of a classical fermionic
field is not clear [35].
The highest negative value that can be attained for Cfin by sending in the
challenging fields with ωsl < ω < ω1 comes from the central value of δE in (7),
that is, δEc = (2− s)Mǫ, which gives
Cfin(δE = δEc) =M2ǫ2[2− (2− s)2] (8)
for a given frequency in the relevant range. We may come arbitrarily close to
the lower frequency limit ωsl (s = 0) to get the (absolute) maximum of these
values; that is −2M2ǫ2, which is equal to −Cin! So, CCC is violated, and it is
possible to even reverse the sign of C, and not just give it some comparatively
small negative value.
2.2 Effect of evaporation
Because the nearly extremal black hole radiates mainly in the superradiant
range, we use the T = κ/2π→ 0 approximation for Hawking radiation. Scalar
particles and neutrinos are produced at a similar rate [30], photons and gravi-
tons are produced more copiously [28,29].The rates at which the black hole
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loses mass and angular momentum due to evaporation of scalar particles is
given by the fluxes at infinity (see [36]):
dM
dt
= lim
r→∞
∫
dθdφ〈Trt〉vac ∼ −e
−ζ
4π
Ω2 (9)
dJ
dt
= − lim
r→∞
∫
dθdφ〈Trφ〉vac ∼ −e
−ζ
2π
Ω (10)
where ζ is a number of the order of unity. In [32] we hadpointed out that these
fluxes make single or few particle gedanken experiments meaningless, and that
a modified normalization of (scalar) wave modes leads to a (semi)classical un-
derstanding of the (scalar) Zeldovich-Unruh effect. In that work, the question
of WCCC violation was inconclusive, since the sent-in field could not be shown
to be a small perturbation, assuming the spontaneous emission was. Here, the
sent-in field is a small perturbation as seen in (7), and we want to see the
effect of evaporation.
For a nearly extremal black hole J ∼ M2, and one can make an order of
magnitude estimate for the amount of angular momentum radiated away in a
period ∆t, assuming M is almost constant and J ∼M2 stays valid:
∆J ∼ −e
−ζ
4π
M−1∆t (11)
∆M ∼ − e
−ζ
16π
M−2∆t (12)
With neutrino, photon and graviton contributions included, the rate of emis-
sion is about two orders of magnitude higher than these values [36]. To evaluate
the validity of the J ∼ M2 ∼ const. assumption, let us note that the expres-
sions (9)-(12) apply in absolute units, G = c = ~ = 1. In these units the mass
of the Sun is 1038 and the size, the age and the mass of universe are 1062. We
see that the assumption is justified for M & 1022, even if we take ∆t as the
entire age of the universe, since then we have ǫ′ = |∆M/M | ∼ |∆J/J | . 10−4.
This lower limit corresponds to a black hole mass of 1017g, much less than
stellar masses. Consider now a (nearly) extremal black hole in this mass range
which has been evaporating for a certain period without being perturbed by
external test particles or fields:
C = (M +∆M)2 − (J +∆J) = M2 + 2M∆M − (J +∆J)
= (M2 − J)−∆J/2 = C
in
+ |∆J |/2 (13)
where we have used 2M∆M ∼ ∆J/2 as implied by (11) and (12), and ne-
glected (∆M)2. A (nearly) extremal black hole is pushed (further) away from
extremality by an amount |∆J |/2 merely due to evaporation, that is, even if
an extremal black hole forms at the end of gravitational collapse, it is pushed
away from extremality by its own Hawking radiation, without being perturbed
by any external effect.
Note that ǫ and ǫ′ are arranged such that δE ∼ ǫM and |∆M | = ǫ′M ;
yet |Cfin − Cin| ∼ ǫ2M2 for the incoming field, whereas Cfin − Cin ∼ ǫ′M2 for
evaporation.
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2.3 Can evaporation prevent overspinning?
We now consider the combination of the two processes, that is, a test field
incident on an evaporating nearly extremal black hole of mass M & 1017g,
from far away. We have
C
fin
= (M +∆M + δE)2 − (J +∆J + δJ) (14)
where δE and δJ are perturbations due to the test field, and ∆M and ∆J
denote the amount of mass and angular momentum radiated away in the
interaction period. We again start with a black hole satisfying (6), take ω =
ω0/(1 + aǫ), δE = bǫM and ∆M = −ǫ′M . Here, M and ǫ are properties of
the black hole, a and b are positive numbers of the order of unity, representing
the tailoring of the wave sent in, and ǫ′ is determined by the black hole mass
and interaction period. Both ǫ << 1 and ǫ′ << 1 by choice of the black hole
and interaction period, so the contributions to changes in M and J can still
be calculated by the quasi-stationary approximation as above [But we do not
know any a priori relation between ǫ and ǫ′]. From (4), (11) and (12) we have
δJ = 2(1 + aǫ)ǫbM2, ∆J = −4ǫ′M2 (15)
Hence we get
C
fin
= 2ǫ′M2 + ǫ′2M2 + (b2 − 2ab+ 2)ǫ2M2 − 2ǫǫ′bM2. (16)
i.e. the terms first order in ǫ have canceled. The second and fourth terms are
negligible with respect to the first, since ǫ and ǫ′ are both small. If the black
hole is extremely close to extremality, we can re-parametrise its closeness as
M2−J = 2M2ǫ′′2, while δE = bǫM such that ǫ′′ ≪ ǫ. Then the fourth term in
(16) becomes (b2− 2ab)ǫ2M2+2ǫ′′2M2 ∼ (b2− 2ab)ǫ2M2. Now it is apparent
that if ǫ′ dominates ǫ2, C
fin
will be positive, i.e. the overspinning is prevented;
but if ǫ2 dominates ǫ′, a b can be found for every a in the relevant range to
make C
fin
negative, i.e. the black hole can be overspun.
If the nearly extremal black hole that we consider has solar mass, and even
if we take ∆t as the entire age of the universe, ǫ′ ∼ 10−52, thus evaporation
has no practical effect as a cosmic censor for a black hole of solar mass against
challenging test fields. If we choose 10−3 as a reasonable ǫ (∼ 0.01 M of
energy in the field, one part in 106 away from criticality!), ǫ′ would have to
be larger than 10−6 to prevent overspinning. With ∆t the age of the universe,
we need M < 1023 ∼ 1018g, barely at the limit of validity of the quasi-
stationary approximation. The conclusion is that for black holes more massive
than 1017− 1018 g, it is not very likely that evaporation can prevent violation
of cosmic sensorship, if tailored fields are sent towards it. For less massive
black holes, we cannot reach a conclusion, since our approximations start to
break down.
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2.4 The effect of a lower interaction period
We have mentioned that the interaction period is the time it takes our massless
fields to reach the black hole from the far away asymptotically flat region.
If the object in consideration has a relatively small size one can argue that
asymptotic flatness sets in at a distance much smaller than the size of the
universe, and the relevant ∆t will be correpondingly smaller. This will lead to
a smaller ǫ′ value, decreasing the relevance of evaporation in comparison to
tailored fields in our thought experiment to violate CCC. For the reasonable
ǫ value discussed in the above paragraph, a decrease in ǫ′ by a factor of ten
would make evaporation powerless against overspinning also in the lower end
(1017− 1018 g) of the mass range where our quasi-stationary approximation is
valid. Hence, if the test field is sent in from a distance closer than ∼a billion
light years, then the black hole can be over-spun despite evaporation. For
example let us consider a black hole with M = 1022 ∼ 1017g and ǫ = 10−3. If
we send in a test field from a distance of the size of the universe, ǫ′ ≈ 10−4, so
evaporation prevents the over-spinning of this black hole. However, if the test
field is sent in from ∼ 10000 light years, then ǫ′ ≈ 10−10, and the black hole
can be over-spun.
2.5 Using fermions or fermionic fields
There is no superradiance for fermionic fields, so the frequency of the chal-
lenging wave does not need do be fine-tuned for CCC violation [34], hence
is not related to ǫ any more. Therefore, for a given δE, one can increase the
CCC-violating effect of the incoming field by simply decreasing the frequency,
and thereby dominate the effect of evaporation.
3 Conclusions
In this work we have made a rough comparison of the cosmic censorship-
supporting effect of Hawking radiation to the violating effect of challenging
test fields, introduced in our previous work.
For (nearly) extremal black holes without any external perturbations, this
supporting effect manifests itself as the Hawking radiation pushing the black
hole away from extremality, as illustrated in (13). Hence even if a gravitational
collapse process had resulted in an extremal black hole classically, Hawking
radiation would have prevented the black hole from staying extremal.
We found that evaporation is not strong enough to prevent overspinning
of black holes of mass M & 1018g. For smaller masses, overspinning can be
prevented by evaporation if the period of interaction is sufficiently long; that
is, test fields are sent into the black hole from a distance sufficiently far. Over-
spinning can still be achieved if test fields are sent in from a closer distance,
as long as the space-time at that distance can be considered as asymptotically
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flat. However, for masses M . 1017g, our approximations break down. The
overall conclusion, applicable for M & 1017g, is that the effect of Hawking
radiation as a cosmic censor is rather weak against challenging test fields.
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